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Here we summarize the motivation and issues surrounding the responses of ice sheets and sea 12 
level to past climate warming as part of the PALeo constraints on SEA level rise (PALSEA) 13 
working group. Papers in this special issue of Quaternary Science Reviews focus on the timescale 14 
of glaciations during the late Pliocene, the magnitude of ice-sheet fluctuations and volume leading 15 
up to and during the last glacial maximum, the timing and persistence of ice-sheet impacts on 16 
deglacial and future relative sea-level change, and relative sea-level change during peak 17 
interglacial climate. A more dynamic cryosphere is noted under both late Pliocene and last glacial 18 
cycle climate conditions, while relative sea-level changes during the last deglaciation appear to 19 
correspond closely with individual ice-sheet deglaciation. Lastly, relative sea-level change during 20 
peak interglacial conditions may have fluctuated by as much as a meter, although the sources of 21 
such variability (Greenland, Antarctica or elsewhere) remain elusive.  22 
1. Introduction 23 
The greatest uncertainty in projecting future sea-level rise lies in the responses of Earth’s 24 
remaining ice sheets (e.g., Alley et al., 2005; Church et al., 2013; Clark et al., 2016). The 25 
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observational period of sea level and ice-sheet mass balance spans at best only the last century, 26 
at least partly exacerbating present uncertainty in future sea-level rise (Church et al., 2013). In 27 
contrast, the geologic record provides valuable archives of how ice sheets and sea level have 28 
responded to past climate variability, particularly during periods of climate warming (e.g., Alley et 29 
al., 2005; Dutton et al., 2015a; Clark et al., 2016). The information contained in the geological 30 
record can therefore help assess the relationship between ice sheets, sea level and climate 31 
change over multi-millennial to century timescales.  32 
PALeo constraints on SEA level rise 2 (PALSEA2) is a Past Global Changes (PAGES) 33 
working group and international focus group of the Coastal and Marine Processes commission in 34 
International Union for Quaternary Research (INQUA). PALSEA brings together observational 35 
scientists and ice-sheet, climate and sea-level modelers in order to better define and interpret 36 
observational constraints on past sea-level rise and improve our understanding of ice-sheet 37 
responses to climate change. This PALSEA Quaternary Science Reviews special issue 38 
addresses these topics by examining orbital-scale sea-level changes during the late Pliocene 39 
(Grant et al., 2018), ice-sheet extent and volume prior to and during the last glacial maximum 40 
(Carlson et al., 2018; Pico et al., 2018; Simms et al., 2019), relative sea-level changes following 41 
the last glacial maximum (Barnett et al., 2019; Romundset et al., 2018; Simms et al., 2018; Xiong 42 
et al., 2018; Yokoyama et al., 2019; Yousefi et al., 2018), and full interglacial relative sea-level 43 
change during the last interglaciation (Skrivanek et al., 2018) (Fig. 1, 2b). Here we summarize 44 
and contextualize the findings of these studies and lay a road map for future research on past ice-45 
sheet and sea-level change.  46 
2. Sea level variability in warm times 47 
The late Pliocene of 3,300 to 3,000 ka (Fig. 2b) is the last time that atmospheric CO2 48 
concentrations were around present-day values (Fig. 2c), providing an important long-term 49 
constraint on the response of the cryosphere to this radiative forcing (Alley et al., 2005; Dutton et 50 
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al., 2015a). However, geophysical processes such as mantle dynamic topography have likely 51 
caused sea-level indicators to change in elevation since the time of their formation. This 52 
complicates the procedure to estimate global-mean sea level from these records (e.g., Dutton et 53 
al., 2015a). However, orbital-scale fluctuations in temperature and ice volume certainly occurred 54 
across this 300-ka time window followed by the descent of the Earth into the Pleistocene ice ages 55 
(Fig. 2a, b).  56 
Grant et al. (2018) provide a new insight into late-Pliocene changes in relative sea level in the 57 
Whanganui Basin, New Zealand (1 on Fig. 1). Here, a marginal marine basin records 23 58 
sedimentary cycles related to the rise and fall of local sea level from 3,300 to 2,600 ka, which are 59 
dated by magnetostratigraphy, biostratigraphy and tephra chronology that are largely 60 
independent of orbital tuning. Interestingly, sea level fluctuated at a 20-ka timescale 3,300 to 61 
3,000 ka, then switched to a 40-ka timescale 3,000 to 2,600 ka; these periodicities are reminiscent 62 
of, respectively, precession and obliquity timescales of Quaternary ice-sheet fluctuations. Grant 63 
et al. (2018) note that they can find a one-to-one correlation between their sea-level changes and 64 
a high-resolution benthic 18O record from the eastern tropical Pacific (Mix et al., 1995), which is 65 
not found in the benthic 18O stack in Fig. 2b (Lisiecki & Raymo, 2005). Spectral power at the 66 
precession frequency is largely lacking in the benthic 18O stack across the late Pliocene to early 67 
Quaternary when that due to obliquity is dominant (Raymo et al., 2006; Meyers & Hinnov, 2010). 68 
Grant et al. (2018) suggest that this mismatch could be due to smoothing of the benthic 18O 69 
records in the stacking process or the low resolution of some of the contributing records.  70 
3. The last glacial cycle 71 
Individual ice-sheet sources of sea-level change prior to the last glacial maximum are difficult 72 
to interpret because the terrestrial record of ice-sheet extent (and inferred volume) is largely 73 
removed by the ice sheets during the last glacial maximum (e.g., Clark et al., 1993; Dyke et al., 74 
2002) and far-field sea level indicators may not have a unique solution for individual ice-sheet 75 
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sources (e.g., Peltier & Fairbanks, 2006; Lambeck et al., 2014). However, Pico et al. (2017) were 76 
able to use relative sea-level indicators along the eastern seaboard of the United States to 77 
document a smaller Laurentide ice-sheet volume during marine isotope stage (MIS) 3, 60-26 ka 78 
(2,3 on Fig. 2b), than is used in current sea level-ice volume solutions (e.g., Peltier & Fairbanks, 79 
2006; Lambeck et al., 2014). Relatively unique geological constraints are preserved in the Hudson 80 
Bay lowlands that indicate ice-free conditions in the center of the Laurentide ice sheet for the first 81 
half of MIS 3 (Fig. 1) (Dalton et al., 2016; 2019). Pico et al. (2018) present a revised ice model 82 
from the 2017 study (3 on Fig. 1), which better agrees with the geological constraints. Carlson et 83 
al. (2018) also addressed MIS 3 Laurentide ice-extent changes, documenting a late MIS 3 84 
advance to near the last glacial maximum extent of the Laurentide ice sheet by ~39 ka (2 on Fig. 85 
1). The timing of this MIS 3 maximum is in agreement with other Laurentide ice-margin constraints 86 
(Wood et al., 2011; Ceperley et al., 2019 in press) and requires rapid growth of the Laurentide ice 87 
sheet. In this vein, Carlson et al. (2018) and Pico et al. (2018) use independent dynamic ice-sheet 88 
simulations to show that rapid advance is glaciologically possible, and was the case leading into 89 
the last glacial maximum.  90 
While not a warming climate, the last glacial maximum does set the stage for the last period 91 
of global warming (the last deglaciation) prior to that of the last century. However, the sources of 92 
the sea-level lowering during the last glacial maximum has been debated since the first 93 
chronological constraints showed that most Quaternary ice sheets were concurrently at their last 94 
glacial maximum extent (Donn et al., 1962; Denton & Hughes, 1981; Clark & Mix, 2002; Clark et 95 
al., 2009; Clark & Tarasov, 2014). Specifically, individual ice-sheet volumes do not sum up to the 96 
estimated eustatic sea-level lowering at the last glacial maximum (4 on Fig. 2b). Simms et al. 97 
(2019) revisit this plaguing issue by looking for additional sources of sea-level lowering beyond 98 
global ice sheets (4 on Fig. 1). They estimate a low-stand contribution from ocean steric 99 
contraction of ~2.4 m and groundwater storage of ~1.4 m. While these contributions help to push 100 
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the budget towards balance, there still remains a considerable deficit, implying error in either the 101 
ice-sheet reconstructions or the volume estimated from far-field sea-level records.   102 
For the last deglaciation, four studies focus on relative sea-level changes from near, 103 
intermediate, and far-field locations (numbers 5-8 on Fig. 1). Yousefi et al. (2018) assess the 104 
glacial isostatic adjustment (GIA) in sea-level indicators along the western Northern American 105 
coast from southern Canada to the southern United States. They found significant mantle 106 
viscosity variability across this tectonically active region. They demonstrate that GIA can 107 
contribute up to ~20 cm in sea-level rise along this coast by 2100 C.E. and so should be included 108 
in future projections for this region. Their results also indicate that all of the glaciological 109 
reconstructions considered (~25 in total) include the onset of major deglaciation that is too early 110 
to be consistent with the deglacial relative sea-level indicators. This is important as new 10Be 111 
surface exposure ages for this region indicate initial coast deglaciation at ~17 ka, even earlier 112 
than in the ice-sheet loading histories (Darvill et al., 2018; Lesnek et al., 2018). Rectifying these 113 
apparently disparate observations would require relatively minimal and localized ice-margin 114 
retreat at ~17 ka, followed several millennia later by more significant retreat and deglaciation, with 115 
implications for the timing of when an ice-free coast could form along western North America for 116 
human migration southwards into the contiguous United States.  117 
Romundset et al. (2018) present a new near-field relative sea-level record for southeastern 118 
Norway (6 on Fig. 1) at century-scale resolution. A major inflection in relative sea-level fall at ~9.5 119 
ka shows excellent agreement with the timing of full Scandinavian ice sheet deglaciation dated 120 
by 10Be surface exposure ages (Cuzzone et al., 2016). Later variations in the rate of sea-level fall 121 
(e.g., event around 7 ka) likely reflect sea-surface height signals from distant ice sheets. The 122 
relative sea-level data resulting from this study will provide important constraints on GIA models 123 
and therefore for improving predictions of future sea-level change in this region.  124 
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Xiong et al. (2018) and Yokoyama et al. (2019) (7 and 8, respectively, on Fig. 1) update far-125 
field relative sea-level records from the South China Sea and northern Indian Ocean, respectively. 126 
Xiong et al. (2018) note an acceleration in relative sea-level rise at ~9.5 ka with a slowing sea-127 
level rise at ~7.0 ka. These are times of known acceleration in Laurentide ice sheet retreat and 128 
final deglaciation (Carlson et al., 2008a; Ullman et al., 2016). Yokoyama et al. (2019) document 129 
the timing of cessation in global mean sea-level rise to be ~4 ka, placing an important constraint 130 
on global ice volume change following this time. These findings agree with prior far-field 131 
assessments (Hallmann et al., 2018) and inferences from individual ice-sheet records (Cuzzone 132 
et al., 2016; Ullman et al., 206). These findings would also place the end of the last deglaciation 133 
at ~4 ka, meaning true peak interglacial conditions, as defined by a maximum in global mean sea 134 
level, only occurred during approximately the last 1/3 of the Holocene.  135 
4. Interglacial relative sea-level change 136 
The last interglaciation (128-116 ka) is three times as long as the Holocene interglaciation 137 
(4.0-0 ka) (Dutton et al., 2015b; Barlow et al., 2018; Polyak et al., 2018; Yokoyama et al., 2019), 138 
if defined by global mean sea level at or above pre-industrial levels (Fig. 2b). Although global 139 
mean sea-level change of the last 4 ka has been on the centimeter to decimeter scale (e.g., Kopp 140 
et al., 2016), last interglacial sea level may have fluctuated on a meter scale (e.g., Kopp et al., 141 
2013). Given the implications for ice-volume changes, a major question then is determining the 142 
time period over which such a fluctuation occurred. Helping in solving this question, Skrivanek et 143 
al. (2018) revisit coral elevations and stratigraphy on the Bahamas (9 on Fig. 1) where such a 144 
sea-level oscillation was previously suggested (Thompson et al., 2011). Skrivanek et al. (2018) 145 
confirm a transient relative sea-level fall and rise of at least 1 m in ~1 ka. This finding does not 146 
necessarily conflict with a new sea-level record from the Mediterranean that could rule out a larger 147 
sea-level oscillation of >1 m in magnitude at that location (Polyak et al., 2018). The cause of this 148 
oscillation at the Bahamas is, however, unknown (Barlow et al., 2018).  149 
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Simms et al. (2018) and Barnett et al. (2018) provide two new relative sea-level records to 150 
document peak interglacial Holocene change at near-field sites on the Antarctic Peninsula (10 on 151 
Fig. 1) and eastern Quebec (11 on Fig. 1), respectively. Simms et al. (2018) find changes in sea 152 
level along the Antarctic Peninsula are likely recording recent ice-sheet loading history rather than 153 
GIA following the last deglaciation. In particular, a late-Holocene increase in the rate of sea-level 154 
fall could reflect recent ice retreat following a readvance after the last deglaciation, similar to 155 
observations to the south of the West Antarctic ice sheet (Bradley et al., 2015; Kingslake et al., 156 
2018). This means that relative sea-level data along the Antarctic Peninsula may not be helpful 157 
in constraining last glacial maximum ice volume (Simms et al., 2019), due to the non-monotonic 158 
loading history and the low mantle viscosity of the region resulting in a greater sensitivity to 159 
relatively recent (past few ka) loading changes. Barnett et al. (2018) document both secular and 160 
residual trends in sea-level rise in eastern Quebec. They note a potential glacier mass loss signal 161 
following the Little Ice Age along with influences from the North Atlantic Oscillation, Northern 162 
Hemisphere temperatures and Atlantic meridional overturning circulation. Their results highlight 163 
the complexity in isolating different drivers and thus estimating global mean sea-level change 164 
from local relative sea-level change (e.g., Kopp et al., 2016). Both Simms et al. (2018) and Barnett 165 
et al. (2018) show the difficulty in defining a baseline period in sea level against which current 166 
changes can be assessed and future predictions made. 167 
5. Outlook 168 
The papers in this Quaternary Science Reviews special issue suggest important avenues for 169 
future research. For the late Pliocene, documenting the magnitude of relative sea-level change in 170 
New Zealand, once corrected for GIA and other tectonic land motions, would provide critical 171 
information on the glacial-interglacial scale of ice-volume change under greenhouse gas 172 
concentrations similar to present. Comparing this independently dated record of sea level to 173 
individual ice-sheet records (e.g., Jansen et al., 2000; Patterson et al., 2014; Blake-Mizen et al., 174 
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2019) could test the hypothesis of Raymo et al. (2006) on the lack of precession in the benthic 175 
18O stack (Fig. 2b) during the late Pliocene to early Pleistocene, which could also help in 176 
understanding the dynamics that led to bipolar Quaternary glaciations. 177 
For the last glacial cycle, sea-level budgets are still incomplete. The extent of ice sheets during 178 
MIS 3 (as well as MIS 4 and 5a-d) requires further investigation as does the underlying causes of 179 
the differing ice-sheet extents (e.g., Larsen et al., 2018). Solving the last glacial maximum sea-180 
level budget should be a critical point of study as over 55 years of research on this topic has not 181 
resulted in closure. This budget problem persists into the deglaciation and the Holocene. At 182 
present, the early Holocene sea-level budget calls for more ice in Antarctica than most 183 
reconstructions have at the last glacial maximum (Cuzzone et al., 2016). Likewise, the sources of 184 
sea-level rise after ~7 ka when the Laurentide ice sheet is deglaciated (Ullman et al., 2016) have 185 
to be rectified against the recent observations presented in this special issue. The Greenland ice 186 
sheet was smaller than present and regrew by a modest volume over the late Holocene (e.g., 187 
Larsen et al., 2015). Similarly, there is growing evidence that the West Antarctic ice sheet was 188 
also smaller than present during the Holocene, regrowing in the late Holocene (Bradley et al., 189 
2015; Kingslake et al., 2018) as did most glaciers and ice caps in the Northern Hemisphere (e.g., 190 
Solomina et al., 2015). How these cryospheric changes translate into reconstructions of late-191 
Holocene global mean sea level changes (e.g., Kopp et al., 2016) should be investigated.  192 
Lastly, whether one or more global mean sea-level oscillations occurred during the last 193 
interglaciation should be resolved. Here, the timing and magnitude of individual ice-sheet retreat 194 
histories may also provide important insight. For instance, the Greenland ice sheet retreated 195 
across the last interglaciation, reaching a minimum near the end of the interglacial period (Carlson 196 
et al., 2008b). While no direct evidence exists at present, the Antarctic ice sheets may have been 197 
smaller than present early in the last interglaciation (Dutton et al., 2015b), which can be simulated 198 
by ice-sheet models (e.g., DeConto & Pollard, 2016; Edwards et al., 2019). A global mean sea-199 
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level fall and rise could reflect the competing histories of these two ice sheets, with Antarctica 200 
losing mass then regrowing while Greenland continued to retreat through the interglaciation, 201 
rather than retreat and readvance of one ice sheet (Carlson, 2013).  202 
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 391 
Fig. 2. Time series for the late Pliocene (left) and the last glacial cycle (right). (a) Summer 392 
(average of summer solstice to fall equinox) insolation at 65N (Laskar et al., 2004). (b) benthic 393 
18O (Lisiecki & Raymo, 2005). Italics numbers (see Fig. 1) indicate the time periods covered by 394 
individual studies in this special issue, with gray bars denoting the range of study during marine 395 
isotope stage 3 and the early to middle Holocene. (c) Atmospheric CO2 concentration from 396 
planktic foraminfer 11B (left with symbols; Pearson & Palmer, 2000; Bartoli et al., 2011; Martínez-397 
Botí et al., 2015) and ice-core measurements (right with thick line; Bereiter et al., 2015). 398 
